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Gravitational waves
are “ripples” of
Spacetime, produced
by accelerated masses
and predicted by
General Relativity
theory (Einstein 1916,
1918)
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AMPLITUDE AND POWER OF A GRAVITATIONAL WAVE

If R, M, v are the characteristic size, mass, and speed of the emitting source,
and ris our distance from the source, we have:

Amplitude:

2

r (2
h__FSch

roe?’

Where r_Sch is the Schwarzschild radius of the emitting source: r_Sch = GM/c/2

Luminosity:

where

dE G [M\? Fsen \2{ 0 \®
dr CS(R]U ”LD(T)(_)’

C5

L, = vl 3.6 X 10> ergs™'.

S.Shapiro & S.Teukolsky 1983, Black Holes, White Dwarfs and Neutron Stars: The Physics of Compact Objects
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GW amplitude-frequency diagram of known cosmic sources
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Polarization of GWs

GWs have 2 different linear polarizations. The 2 states are rotated 45 deg relative
to one another. This contrasts with the 2 polarization states of an electromagnetic
wave, which are 90 deg to each other. This pattern of polarization is due to the
fact that gravity is represented by a second-rank symmetric tensor (hw), while
electromagnetism is represented by the vector potential 4™
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Scheme of a laser interferometer
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KAGRA (Japan)

- - Fourth Observing Run
(D4):
May 2023

LIGO, Hanford, Washington State, USA

GRAVITATIONAL

INTERFERO-METER

NETWORK: LIGO, VIRGO,
o KAGRA

LIGO, Livingstan, Louisiana, LSA 2

Credit: LIGO Scientific Collaboration, Virgo Collaboration, KAGRA Collaboration
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September 14, 2015 at
11:50:45 in Central
European Time

S Alarm reported by the on-line
W algorithm for generic transient
search

SNR =24

%

magnitude

Livingston

49.4 49.6 49.8 50 50.2 50.4 50.6 50.8 51 51.2 51.4
Time (eec) * GPS OFFSET = 1126280412 000



Strain (10°%Y)

Frequency (Hz)

14 September 2015: First detection of gravitational waves

Hanford, Washington (H1) Livingston, Louisiana (L1)
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PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

B coosae . On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave

Dis Feldghiohngen dor Gravaton Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in A
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102", It matches the waveform —
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 4105 Mpc comresponding to a redshift z = 0.090 5.
In the source frame, the initial black hole masses are 363 M , and 29" {M_,, and the final black hole mass is
62f2MQ, with 3.0%62 radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOL: 10.1103/PhysRevLett.116.061102

http://link.aps.org/doi/10.1103/PhysRevlLett.116.061102



http://link.aps.org/doi/10.1103/PhysRevLett.116.061102

GW15091

BACKGROUND IMAGES: TI

:FACTSHEET

*FREQUENCY TRACE (TOP) AND TIME-SERIES

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

observed by LIGO L1, H1 duration from 30 Hz ~ 200 ms
source type black hole (BH) binary | # cycles from 30 Hz ~10
date 14 Sept 2015 peak GW strain 1x10%
time 09:50:45 UTC peak displacement of +0.002 fm
likely distance 0.75 to 1.9 Gly interferometers arms
230 to 570 Mpc frequency/wavelength 150 Hz, 2000 km
redshift 0.054 to 0.136 SEpesk GW strain
peak speed of BHs ~0.6¢
signal-to-noise ratio 24 peak GW luminosit 3.6 x10% erg s
false alarm prob. < 1 in 5 million radiated GW energy 2.5.3.5 Mo
false alarm rate <1 in 200,000 yr remnant ringdown freq.  ~ 250 Hz
Source Masses Mo remnant damping time ~4ms
total mass 60 to 70 remnant size, area 180 km, 3.5 x 10° km?
primary BH 321041 consistent with passes all tests
secondary BH 251033 general relativity? performed
remnant BH 58 to 67 graviton mass bound <1.2x10%2eV
mass ratio 0.6to1
coalescence rate of 3
primary BH spin <07 binary black holes 21 400 Ope yv
secondary BH spin < 0.9 = o
online trigger latency ~ 3 min
remnant BH spin 0.57 to 0.72 # offline analysis pipelines 5
signal arrival time arrived inL17 ms 1o
~ 50 million (=20,000
del before H1 CPU h d %
elay ore ' ours consumed S/t e dabi)
likely sky position ~ Southern Hemisphere
) 2 A papers on Feb 11, 2016 13
likely orientation face-on/off ~1000, 80 institutions
resolved to ~600 sq. deg. # researchers X

in 15 countries

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10'? km; Mpc=mega
parsec=3.2 million lightyear, Gpc=10*Mpc, fm=femtometer=10-'> m, Mo=1 solar mass=2 x 103°kg



Gravitational Waves

R. Weiss AK. Thorne . B. Barish

Nobel Prize for Physics 2017

A. Einstein 1916



Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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While black hole mergers are expected to be electromagnetically
“silent”, neutron star mergers (or mergers of a NS and a BH) are
expected to be accompanied by an electromagnetic signal.

The mergers of systems containing at least a NS present thus a
large potential for:

1) determining the NS equation of state
2) mapping the history of heavy elements formation

3) Studying the progenitor population of short GRBs



Mass of star determines its fate

<3Mg He White Dwarf
3-6 Mg C-O White Dwarf
6-8 Mg O-Ne-Mg White Dwarf
8-23 My Neutron Star
23-~140 M4 Black Hole

>~140 M None?

14.3.2014 RAS, London 19



Massive Stars (>8Mg)

« Siburning - Fe core
« Core collapse
« Compact object (NS/BH)
e v emission
« KE deposited (~10°1erq)
* Nucleosynthesis
= *°Ni (~0.1M)
* envelope ejection

\ .
core | | « SN type depends on
SNType SNIc SNIb llb SNII degree of stripping
Prog. Star WO WC  WN — Role of binarity?




SN1987A: core-collapse supernova in the LMC (50 kpc)

First example of multi-messenger astronomy (barring the Sun...)!!!

<Nﬂws RELEASE ) The NASA/ESA [/ I // 1987A’s 20th Anniversary

HEIC 0704

. %, February 1987 |

HUBBLE

-

9 ACS/HRC

@esa (_ HUBBLE SPACE TELESCOPE )

NASA, ESA, P. Challis & R. Kirshner (Harvard-Smithsonian Center for Astrophysics)

artist concept
of SN1987A




SN1987A: MeV neutrino detection
Proves core-collapse and neutron star
formation ol Sho

The neutrino
detectors IMB
Water tank
(USA), Dia_meter 16 m
Height 16 m
Kamiokande :
(Japan) and
Baksan  (Russia)
detected a ¥ Control room 38
handful of

Water
¢ purification

neutrinos each, a
few hours before
light detection
from SN1987A (I.

Shelton 1987, IAU ;gg?oﬂlit?gl?er Tubes
Circ. 4316)
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Core-collapse supernova neutrinos

Electron capture (or inverse beta decay):

P+e€e —n+ v,

This process is responsible for neutronization of
massive stellar cores undergoing gravitational
collapse (neutron star remnant formation)




neutron star

WHITE DWARF

NEUTRON STAR




Light curves of core-collapse supernovae
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SN Light Curve
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Periodic table of elements

Big ~ Dying Exploding Human synthesis
Bang low-mass  massive HH No stable isotopes
fusion stars stars

- Cosmic  Merging Exploding

. ray neutron white
MI """ fission “stars dwarfs

T| Vv CrMnFeCo Ni Cu Zn |
23 24 25 30

27 28 29

https://en.wikipedia.org/wiki/R-process



Electron capture (p + e- 2 n+ nu_e)

and beta+ decay (p 2 n + e+ +nu_e)

Are also responsible for supernova light
emission, dominated by the decay chain:

56Ni = 56Co = 56Fe

The emitted neutrino flux is normally way
too weak to be detected



—2.5 log f, + Constant

SN spectra near maximum light:
diversity suggests different origin

10

=0

(a) SN 1987N (Ia), t ~ 1 week
(b) SN 1987A (1), T ~ 1 week
(c) SN 1887M (Ic), t ~ 1 week
(d) SN 1984L (Ib), t ~ 1 week
| | I | | | | | ]

86000 8000
Rest Wavelength (A)

10000

SN Ia

SN 11

SN Ic
SN Ib

Filippenko 1997



Typical spectra of Stripped-envelope core-collapse SNe
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Jet-Supernova Models as r-process Sites?

* MHD-driven polar ‘jets”could sweep Winteler et al., ApJL 750 (2012) L22
out n-rich matter.

* Requires extremely fast matter T U — S— SE—— — S— _
ejection, extremely rapid rotation and "GN . - — _— —_——
extremely strong magnetic fields in 7 i : : §
pre-collapse stellar cores. = I 5 I o R s i
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Jet-Supernova Models as r-process Sites?

BUT:

 MHD-driven polar ‘jets”in 3D develop kink instability.
» Assumed initial conditions not supported by stellar pre-collapse models.

 Dynamical scenario does not provide environment for robust r-process.

-1, =67.8ms =1, =186.4ms

W,

{,,','d . D :

From Th. Janka, 2016

Octant symmetry (2D) F&l 3D
Mosta et al., ApJL 785 (2014) L29



Simulation of the merger of a 1.3 and a 1.4 Msun neutron stars
(S. Rosswog, http://compact-merger.astro.su.se)



http://compact-merger.astro.su.se

Crashing neutron stars can make gamma-ray burst jets

Neutron stars

Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

Black hole forms -
Mass: 2.9 suns SN
Horizon diameter: 5.6 miles (9 km)

15.3 millisecond's 21.2 milliseconds 26.5 milliseconds
Credit: NASAJAEI/ZIB/M. Koppitz and L. Rezzolla



Z, Number of Protons
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See also:

https://www.youtube.com/watch?v=BaUjNiJYqO4
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https://en.wikipedia.org/wiki/Valley_of_stability
https://www.youtube.com/watch?v=BaUjNiJYgO4
https://www.youtube.com/watch?v=BaUjNiJYgO4
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Short GRB130603B
(z = 0.356)

Kilonova:

Ejection of r-process material
from a NS merger (0.01-0.1 Mo)
(Barnes & Kasen 2013)

MHu = -15
Mr = -13

Tanvir et al. 2013;
Berger et al. 2013

AB magnitude

Time since GRB 130603B (d)

10
| O L O [ ) ' 1 Ll T LI L O IR ) l 1 l_l
21 " X-ray
j£§\ * F606W -
22 * F160W -
\\ \\ T |
oo
23— R i
}\ \\ \\\ | 3
24 — % 3 \\'}. g
L T ¥ Mi=-15.35 -
251~ \ . _m— .
\\ \{ D\ icsiz

b \ |
26 - NN N $ k. =
3 \ < \ -
\ X B
\ A \ o3
27 . ( \\ : \L -
4 .\\ ' g ol

28 - 5 % v __ el
\\ \\ ;l'; ) | ;
29— l \\ \ : '\ 1 | :
1 1 1 L 1 1.1 1 \ 1 Lol 1 1‘1 U | 1

104 10° 10°

Time since GRB 130603B (s)

101"

1012

1013

104

(-wo |_s Bus) xn| Aes-x



Conclusions

Gravitational waves are a spacetime perturbation, described by a 4-
dimensional tensor, produced by massive asymmetric sources.

First gravitational radiation detection (~100 Hz) in 2015 lagged theoretical
prediction by one century, but results were spectacular: a binary system of
black holes of 30 solar masses each merges and produces a nearly 60 solar
mass black hole. The mass difference, 3 solar masses, is radiated away as
GWs. However, no electromagnetic signal is detected, and none is expected
(in principle).

The search for multiwavelength electromagnetic signal accompanying GWs
from a binary neutron star merger has manifold implications: compact stellar
object physics (NS EoS), binary merger dynamics, GRB physics,
nucleosynthesis, MeV neutrino physics.

In particular, the optical/infrared counterpart of a binary NS merger is a
radioactive source (kilonova), analogous to supernova.

Nucleosynthesis of binary NS merger points to dominance of r-process, as
opposed to s-process: neutron fluxes are rapid and abundant.



